A new closed loop permeameter was implemented in this work to study the fluid flow through two different unconsolidated porous media. An apparent permeability, similar to that proposed by Barree and Conway, was described in this work in terms of the absolute permeability combined with a new fluid property description, the inertial contribution factor that accounts for the domain of viscous and inertial forces. Such approach discriminate those properties of the rock as intrinsic permeability from those related to the fluid as the inertial contribution factor. The apparent permeability equation of Barree and Conway was applied to different intervals of the experimental data in which it was possible to obtain the Forchheimer coefficients as well as the inertial contribution factors according to each interval. Two different types of unconsolidated porous media materials were utilized in the new Closed Loop Permeameter, sand (1-2 mm) and glass spheres (3.96 mm). The equation of Barree and Conway provided a great agreement fitting the experimental data in a wide non-Darcy Reynolds number range. It was observed an increase in the Forchheimer coefficient and decrease in the apparent permeability with the flow rate increase. The results indicate a correlation between the permeability and the inertial effects in the non-Darcy turbulent regions in which the porous media materials with low permeability values are probably more subjected to flow losses due to the inertial effects.
INTRODUCTION
The Forchheimer equation is widely utilized to study fluid flow phenomena in porous media under flow regime where Darcy's model fail to represent adequately. Increasing the interstitial fluid velocity leads to flow regimes in which the inertial phenomena is significant and must be considered. Forchheimer (1901) included into Darcy's model a second order in terms of velocity (v) to account for the microscopic inertial effect (Zeng and Grigg, 2006) 2 dp v v dL k µ βρ − = + where β is the Forchheimer coefficient. The great application of non-Darcy flow models is in the reservoirs fluid flow study due to the great economic importance of hydrocarbon production in such porous media reserves (Geertsma, 1974; Holditch and Morse, 1976; Wu et al., 2011; Lai et al., 2012; Zeng and Grigg, 2006; Firoozabadi and Katz, 1979; Amao, 2007) . It can be observed research groups more interested in the study of the theoretical aspects of non-Darcy models as in the works of Andrade et al., 1999; Soulaine and Quintard, 2014; Wu et al., 2011; Moutsopoulos and Tsihrintzis, 2005; Zeng and Grigg, 2006; Wang et al., 2014; Amao, 2007 . Also there are relevant experimental studies being carried out to support the development of such models (Lai et al., 2012; Dukhana et al. 2014; Beavers et al. 1973; Firoozabadi and Katz, 1979; Sobieski and Trykozko, 2014; Geertsma, J., 1974; Jambhekar, 2011; Sobieski and Trykozko, 2014; Beavers, 1973) . Barree and Conway (2004) proposed a new formulation which describes the Forchheimer equation in a form similar to the Darcy equation with an apparent permeability. They carried out an experimental analysis and observed that to well represent the non-Darcy flow in porous media the Forchheimer coefficient as well as the apparent permeability must vary with the flow rate. The new formulation of Barree and Conway (2004) has been successfully utilized by some authors as Wu et al., 2011 , Lai et al. 2012 and Jambhekar 2011 in the modeling of non-Darcy fluid flow in porous media. Wu et al., 2011, applied the Barree and Conway model into a reservoir numerical simulator to study non-Darcy flow in porous media. Lai et al., 2012, observed that the Barree and Conway approach can represent successfully the non-Darcy flow of nitrogen gas through proppant packs in all the domain studied from low to high-flow rates. The usual application of Forchheimer equation did not correlate the experimental data at high flow rates as the quadratic and cubic models, respectively, overestimates and underestimates the pressure drop at high gas flow rates. Lai and coauthors concluded that the Barree and Conway (2004) model can represent successfully all the non-Darcy flow domain without the Forchheimer model limitations at high flow rates. Jambhekar, 2011, applied the Forchheimer model in the analysis of experimental data of non-Darcy air flow into a well-structured Ni-alloyed steel porous media. He was interested in the heat transfer improvement of the metallic porous media for cooling applications. Jambhekar obtained the intrinsic permeability, apparent permeability and the Forchheimer coefficient from the experimental data correlation with the Barree and Conway (2004) model approach. The author observed that the best model representation was obtained assuming a Forchheimer coefficient varying with the Reynolds number.
The previous success of Barree and Conway (2004) formulation to represent non-Darcy flow in porous media (Wu et al., 2011 , Lai et al. 2012 and Jambhekar 2011 shows the model approach potential which can be explored in more detail. The model approach was evaluated and studied in which the same apparent permeability was described in this work in terms of the absolute permeability combined with a new fluid description, the inertial contribution factor that accounts for the domain of viscous and inertial forces. Such approach discriminates those properties of the rock as intrinsic permeability from those related to the fluid as the inertial contribution factor. The new approach, following the Barree and Conway (2004) formulation, was evaluated through the new experimental unit, the Closed Loop Permeameter, which was implemented to study two types of unconsolidated porous media materials, sand and glass spheres. The apparent permeability equation of Barree and Conway was applied to different intervals of the experimental data in which was possible to obtain the Forchheimer coefficient as well as the inertial contribution factor according to each interval.
MATHEMATICAL MODEL
The Forchheimer equation can be written in a finite form that corresponds to
in which each term can be multiplied by the area A leading to following equation in terms of the volumetric flow rate, q
The Eq. (2) can be rewritten and inverted leading to
The Eq. 3 is similar to Barree and Conway (2004) model despite the way the apparent permeability, k app , is obtained as the combination between the absolute permeability, k, and the new property description, the inertial coefficient factor, δ=μ/(βρv). The apparent permeability, k app , is described below in terms of the permeability, k, and the inertial coefficient factor, δ. 
From Eq. 5 it can be observed that the properties k and δ has a peculiar relationship which can be represented as a system of resistances in series like R kapp =R k +R δ in which R k and R δ are, respectively, the resistance due to the porous media and the resistance due to the inertial effect. Analyzing the term 1/δ=(βρv)/μ in Eq. 5 it can be observed that it is proportional to the term β which is called by some authors as coefficient of inertial resistance (Geertsma, J., 1974; Carnogurska et al. 2012) due to the inertial losses related to the acceleration and deceleration effects of the fluid as it goes through the porous media.
The introduction of the inertial contribution factor, δ=μ/(βρv), in the study of non-Darcy flow is Engenharia Térmica (Thermal Engineering), Vol. 18 • No. 2 • December 2019 • p. 78-84 interesting as such approach leads to a modeling (Eq. 3) that discriminates the rock properties as intrinsic permeability (k) to those related to the fluid as the inertial contribution factor (δ). Fig. 1 shows the new implemented Closed Loop Permeameter, utilized to obtain the experimental data of permeability. The pump was utilized to flow water from a tank to the top of the porous media bed. The water column above the bed can be adjusted controlling the two valves so it is converted into pressure drop along the porous media bed which is combined with the fluid flow rate measured in the rotameter. The data of pressure drop and fluid flow is utilized in the models for the calculation of the properties. As a closed loop system, the water collected in the tank returns to the pump and again it is pumped to the top of the porous media. The following Fig. 2 shows the two types of porous media that were utilized in the Closed Loop Permeameter of Fig.1 ., in which on the left, Fig. 2A , there is the glass spheres (average size of 3.96mm) and on the right, Fig. 2B , there is the sieved sand (average size in the range of 1-2mm). where ρ, v, L* and µ represents, respectively, the density, velocity, characteristic length and dynamic viscosity of the fluid. The characteristic length is obtained from the specific interfacial area which is defined as the contact area between the solid and fluid phase per unit of volume. The following Table  1 presents the characteristic length and the specific interfacial area for the two porous media utilized in this work, the glass spheres and the sand, and by Jambhekar, 2011, a well-structured Ni-alloyed steel porous media. The bed porosity of the two porous media studied in this work is obtained by the water volume necessary to fill the total pores space of a certain volume of the porous media.
EXPERIMENTAL SECTION

RESULTS AND DISCUSSION
The Figs. 3 and 4 presents the experimental data of pressure drop along length (∆p/L) according to the modified Reynolds number (Re m ) described in Eq. 6. In Fig. 3 the experimental data of Jambhekar (2011) was compared to the experiments obtained in this work for glass spheres. As can be seen in Fig. 3 the experimental data of pressure drop along length (∆p/L) are very close despite the type of porous media as well as the fluid utilized. Jambhekar (2011) utilized compressed air flow through a well-structured Ni-alloyed steel porous media while in this work it was utilized water flow through an unconsolidated glass porous media. The great similarity is observed in the porous media property as it can be seen in Table 1 for the characteristic length as well as the specific interfacial area which are very close for both porous media. The characteristic length of Jambhekar's (2011) porous media is only 14.9% greater than that for glass porous media of this work which can be the reason for such close experimental results, observed in Fig. 3 , in terms of pressure drop along the length (∆p/L). Also the Reynolds number limit obtained by Jambhekar, which indicates the Darcy and non-Darcy transition domain, is very close to the value acquired in this work. Jambhekar obtained a Reynolds number limit of 180 and in this work the value is around 200, as can be seen in Fig. 4 . From Fig. 4 it can be seen the experimental linear behavior for Re m lower than 200, showing for all the glass bed sizes of each experiment almost the same angular coefficient. The linear behavior indicates Darcy domain with the same permeability as the slopes of the straight lines are almost the same. There is a little variation in the slopes (Re m lower than 200) as a consequence of variation in the porous media structure and arrangement due to the spheres bed preparation in each experiment. The non-Darcy behavior can be observed for Re m higher than 200 as the pressure drop increases along the flow rate increase.
The experimental results of Fig. 4 for the glass bed size of 13 cm were plotted in Fig. 5 in terms of flow rate versus pressure. In Fig. 5 the first region corresponds to the linear behavior of Darcy flow (Re m lower than 200) followed by the non-Darcy region which was discretized allowing the best linear behavior application of Eq. 3 that results in the apparent permeability, k app . From Fig. 5 it can be observed that the linear behavior consideration in non-Darcy region is plausible as the linear equations do not deviate outside the flow rate bar error. All linear regressions of each segment considered show a great correlation between the linear model and the experiments as the correlation coefficient is higher than 0.998. The flow rate error included in Fig. 5 was acquired from the rotameter measurements. The results of absolute permeability (k), apparent permeability (k app ), inertial contribution factor (δ) and the Forchheimer parameter (β) are shown in Table 2 and 3, according to modified Reynolds number regions. The Reynolds number range for regions 1, 2 and 3 are the following, respectively, Re<200, 200≤Re<290 and Re≥290. As it can be seen the absolute permeability is the same as it is a rock property. The absolute permeability is obtained in the first interval which is the region of low Reynolds domain without the flow turbulence effects. This constant value of permeability is utilized in all the intervals allowing the determination of non-Darcy properties (k app , δ and β) through the application of Eqs. 3, 4 and 5. In the first interval the resistance to flow related to inertial effect (1/δ) is so low (high value of inertial contribution factor, δ) due to Darcy flow without the inertial effect. Therefore the inertial contribution factor, δ, is higher than the absolute permeability (δ≫k) and such inequality in Eq. 5 leads to k app →k in which the Barree and Conway model of Eq. 3 becomes the classical Darcy model. The same understanding is obtained through the inertial contribution factor equation, δ=μ/(βρv), as in the first Darcy region the Forchheimer parameter tends to zero, β→0 , and δ→∞ resulting in k app →k. From Tables 2 and 3 it can be seen that in the first Darcy region the absolute permeability is equal to the apparent permeability as the resistance to flow related to inertial effect is so low (1/δ→0) so the inertial contribution factor is so high (δ→∞). Increasing the Reynolds number there is an increase in the Engenharia Térmica (Thermal Engineering), Vol. 18 • No. 2 • December 2019 • p. 78-84 resistance to flow (1/δ) due to the increase of the inertial effect. Also the Forchheimer parameter increases following the decrease in the inertial contribution factor and apparent permeability. The next Fig. 6 shows the experimental results for sand bed utilized in the same experimental apparatus (Fig. 1) . Also the results are plotted in terms of pressure drop along the length (∆p/L) according to modified Reynolds number (Re m ). From Fig. 6 it can be observed the same experimental behavior as that shown in Fig. 4 in which there are two well defined regions for Darcy and non-Darcy flow domain. In this case of sand porous media the Reynolds number Re m limit for Darcy flow is around 12 which is lower than glass porous media (Re m of 200). Analyzing the porous media data presented in Table 1 it can be observed that the specific interfacial area of sand porous media is 452% higher than that for glass porous media. Therefore there is an inverse relation between the Reynolds number Re m and the specific interfacial area of the porous media utilized as the Reynolds number decreased with the increase in the specific interfacial area. In the Darcy region (Re m lower than 12) also it can be observed straight lines with the same slope which leads to the same value of permeability. The non-Darcy behavior can be observed for Re m higher than 12 as the pressure drop increases along the flow rate increase. The experimental results of Fig. 6 for the glass bed size of 10 cm were plotted in Fig. 7 in terms of flow rate versus pressure. In Fig. 7 the first region corresponds to the linear behavior of Darcy flow (Re m lower than 12) followed by the non-Darcy region which was discretized allowing the best linear application of Eq. 3 that results in the apparent permeability, k app . Similar to the glass porous media results of Fig. 5 , in the sand experimental results of Fig. 7 the linear behavior consideration in non-Darcy region is plausible as the linear equations do not deviate outside the flow rate bar error. As in the glass results (Fig. 5) , all linear regressions of each segment show a great correlation between the linear model and the experiments as the correlation coefficient is higher than 0.994. The Tables 4 and 5 presents the results from Fig. 7 in terms of absolute permeability (k), apparent permeability (k app ), inertial contribution factor (δ) and the Forchheimer parameter (β), according to modified Reynolds number regions. The Reynolds number range for regions 1, 2 and 3 are the following, respectively, Re<12, 12≤Re<19 and Re≥19. Also the absolute permeability is obtained in the first interval which is the region of low Reynolds domain without the flow turbulence effects. This constant value of permeability is utilized in all the intervals allowing the determination of non-Darcy properties (k app ,δ and β). Also the Forchheimer parameter increases following the decrease in the inertial contribution factor and apparent permeability. As expected the absolute permeability of sand porous media is lower than that for glass porous media due to lower grain size of the sand utilized (1-2mm) if compared to glass grain size (3.96mm). Also, comparing the results for glass porous media (Tables  2 and 3 ) and sand porous media (Tables 4 and 5) , it can be seen that the Forchheimer parameter is very higher for sand bed which indicates a higher inertial effect for this lower permeability porous material. It is also observed a higher inertial effect for sand porous media in the resistance to flow term (1/δ) which is 652% and 396% higher for non-Darcy 2 and 3 regions, respectively. The higher Forchheimer parameters in this work for the lower permeability of sand porous media was also observed by Zeng and Grigg, 2006 . The authors observed, as in next Table 6 for different porous medium, that the Forchheimer parameter increases as the porosity (por.%) and the permeability decrease. These results indicate a correlation between the permeability and the inertial effects in the non-Darcy turbulent regions in which the porous media materials with low permeability values are probably more subjected to flow losses due to the inertial effects. 
CONCLUSIONS
The new implemented Closed Loop Permeameter-CLP was able to measure with accuracy the permeability of the two unconsolidated porous media materials studied which is in accordance to the values observed in the literature. The CLP was also able to measure the fluid flow in non-Darcy conditions providing the fluid flow pressure drop and flow rate data necessary to be utilized in the modified Forchheimer model. The CLP unit operation is simple and the fluid flow data can be easily obtained through the measurements of water column above the porous media and fluid flow rate for each condition.
The description of the new property, the inertial contribution factor, in the Barree and Conway non-Darcy model approach is interesting as it discriminates those properties of the rock as intrinsic permeability from those related to the fluid as the inertial contribution factor. In such approach the new inertial contribution factor can be considered as a parallel property with the permeability. The Barree and Conway model with an apparent permeability provided a great agreement fitting the experimental data in non-Darcy regions according to a modified Reynolds number which is obtained through the characteristic length of the porous media utilized. From the two types of porous media utilized, sand (1-2mm) and glass (3.96mm), it can be observed that the specific interfacial area of sand porous media is 452% higher than that for glass porous media. There is an inverse relation between the modified Reynolds number (Re m ) and the specific interfacial area of the porous media utilized as the Reynolds number decreased with the increase in the specific interfacial area. It was observed an increase in the Forchheimer coefficient and decrease in the apparent permeability with the flowrate increase. The results indicate a correlation between the permeability and the inertial effects in the non-Darcy turbulent regions in which the porous media materials with low permeability values are probably more subjected to flow losses due to the inertial effects. The higher Forchheimer parameters in this work for the lower permeability of sand porous media was also observed by Zeng and Grigg, 2006. 
